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(from Holm and others, 2007)



(from Schulz and Cannon, 2007)



Pembine-Wausau magmatic 
terrane

•Volcanic rocks range from 
basalt to rhyolite (about >1890 
to 1850 Ma)

•Granitoid rocks range from 
gabbro and tonalite to post-
tectonic K-feldspar granite 
(1890 to 1760 Ma)

•Terrane is bounded on north 
by Niagara fault zone and on 
south by Eau Pleine shear zone

•Accreted to the Superior 
craton margin about 1880 Ma

•Massive sulfide deposits 
formed at about 1875-1870 Ma 
(same time as iron formations)

(from Schulz and Cannon, 2007)



Basalt pillow lava Basalt pillow lava

Felsic volcanic breccia Felsic volcanic breccia

Felsic tuffs







61 million tonnes, ave. 1.04% 
Cu, 0.48% Pb, 5.56% Zn, 

1 g/t Au, 45 g/t Ag



Flambeau Mine

Flambeau ore zone

Bornite – Cu5FeS4

Chalcocite – Cu2S 
Chalcopyrite – CuFeS2

Pyrite – FeS2

5.8 million tonnes; ave. 4.1% Cu, 1.0% Zn, 
1.7 g/t Au, 31 g/t Ag (mined 1993-1997)

~1.9 mt; 
10.5% Cu,1.6 % Zn, 

3.4 g/t Au, 
69 g/t Ag



Back Forty Massive Sulfide Deposit

Deposit discovered in 2002 along the east side of the 
Menominee River in the Upper Peninsula of Michigan

Gossan in outcrop Gossan in drill core

From Aquila Resources website



Back Forty Massive Sulfide Deposit

As of 2011-17.9 million tonnes (measured 
and indicated) with 2.44% Zn, 0.19% Cu, 

1.57 g/t Au, 19.60 g/t Ag

Gold

From Aquila Resources website



Composition of 
rhyolites hosting 
major VMS 
deposits

Composition of 
rhyolites hosting 
Wis-Mich VMS 
deposits

Cu – Zn – Pb in Massive Sulfide Deposits



Back Forty

(from Shanks and others, 2010)



Black smokers

Tectonic settings of modern volcanogenic massive sulfide deposits

(from Schulz and Cannon, 2007)

(from Shanks and others, 2010)



(from Shanks and
others, 2010)



Midcontinent Rift System



(modified after Nicholson and others, 1997)



Basalt lava flow

Basalt pahoehoe lava flows
Columnar basalt

Conglomerate and cross-bedded 
sandstones 

Quartz amygdule in basalt

Rhyolite lava flow



Diabase sills (Thunder Bay-Nipigon area)

Diabase texture
Diabase dike

Porphyritic (plagioclase) diabase

Ol

Sill
Sill



Composition of early (~1107 Ma) lava 
flows and intrusions



At about 1.1 billion years ago a 
mantle plume was centered 
under Lake Superior and gave 
rise to the Midcontinent Rift.



Eagle Ni-Cu-PGE sulfide deposit

From Ding and 
others, 2011

Eagle dike-like intrusion;  ~480 m long, ~100-200 m wide

Eagle peridotite



Eagle Ni-Cu-PGE sulfide deposit

Rock textures and mineralogy

From Ding and others, 2010

Feldspathic peridotite

Melatroctolite

Melagabbro Feldspathic  peridotite

Olivine melagabbro Melatroctolite

Ol = Olivine
Cpx = Clinopyroxene
Opx = Orthopyroxene
Pl = Plagioclase



Eagle Ni-Cu-PGE sulfide deposit

Massive sulfideDisseminated sulfides Semi-massive sulfide

Massive sulfide Copper-rich vein

Cp
Po

Pn

From Ding and others, 2011
Cp = Chalcopyrite (CuFeS2)
Po = Pyrrhotite (Fe1-xS)
Pn = Pentlandite ((Fe, Ni)9S8)

Cp

4.05 million tonnes; ave. 3.57% Ni, 2.91% Cu, 
0.10% Co, 0.28 g/t Au, 0.73 g/t Pt, 0.47% g/t Pd)



(from Kennecott Eagle Minerals website)



(from Schulz and others, 2010)



Conduit-type magmatic Ni-Cu-PGE sulfide deposits

Flow direction

Deposit formation involves 
repeated injections of 
basaltic magma and 
accumulation of sulfides

Life cycle of a conduit-type sulfide deposit system

Eagle deposit
(from Ding and others, 2011)

(from Schulz and others, 2010)



Volcanogenic Zn-Cu-Au massive 
sulfide deposits

Conduit-type magmatic Ni-Cu-
PGE sulfide deposits

Flow direction

Deposit formation involves 
repeated injections of 
basaltic magma and 
accumulation of sulfides(from Schulz and Cannon, 2007)

(from Shanks and 
others, 2010)

(from Schulz and others, 2010)

In Summary
Two types of sulfide 

deposits



Thank you


